Protocadherin 15 (PCDH15) is required for mechanotransduction in sensory hair cells as a component of the tip link. Isoforms of PCDH15 differ in their cytoplasmic domains (CD1, CD2, and CD3), but share the extracellular and transmembrane (TMD) domains, as well as an intracellular domain known as the common region (CR). In heterologous expression systems, both the TMD and CR of PCDH15 have been shown to interact with members of the mechanotransduction complex. The in vivo significance of these protein-protein interaction domains of PCDH15 in hair cells has not been determined. Here, we examined the localization and function of the two isoforms of zebrafish Pcdh15a (CD1 and CD3) in pcdh15a-null mutants by assessing Pcdh15a transgene-mediated rescue of auditory/vestibular behavior and hair cell morphology and activity. We found that either isoform alone was able to rescue the Pcdh15a-null phenotype and that the CD1-or CD3-specific regions were dispensable for hair bundle integrity and labeling of hair cells with FM4-64, which was used as a proxy for mechanotransduction. When either the CR or TMD domain was deleted, the mutated proteins localized to the stereocilial tips, but were unable to rescue FM4-64 labeling. Disrupting both domains led to a complete failure of Pcdh15a to localize to the hair bundle. Our findings demonstrate that the TMD and cytoplasmic CR domains are required for the in vivo function of Pcdh15a in zebrafish hair cells.
Introduction
Hair cells of the inner ear are specialized for perception of sound, gravity, and head movements in all vertebrates. The hair bundle, which is the mechanically sensitive organelle of a hair cell, is a cluster of actin-filled stereocilia located at the apical surface. Mechanical stimuli such as sound pressure and head movement are converted into electrical signals by deflections of the hair bundles along the excitatory axis in a process is called mechanotransduction (Hudspeth, 1989) . Extracellular protein filaments known as tip links connect the tips of shorter stereocilia to neighboring taller stereocilia. The tip links are required for mechanotransduction and are thought to transmit physical force to the mechanotransduction channels located at the stereocilia tips (Assad et al., 1991) . Although composition may differ during development and regeneration Indzhykulian et al., 2013) , tip links are composed of the heterophilic interaction between cadherin 23 (CDH23) homodimers at the upper end and protocadherin 15 (PCDH15) homodimers at the lower end . Because PCDH15 forms the lower portion of the tip link where the mechanotransduction channels are located (Beurg et al., 2009) , it is well positioned to interact with other components of the mechanotransduction complex. Indeed, the transmembrane and cytoplasmic domains of PCDH15 have been shown to interact with transmembrane channel-like (TMC) proteins (Maeda et al., 2014) , Lipoma HMGIC fusion partner-like 5 (LHFPL5) , and, in the case of PCDH15-CD2, with transmembrane inner ear (TMIE) . Although these interactions are of particular interest when considering how the tip link is tethered to other components of the mechanotransduction complex, it is not clear what domains of PCDH15 are essential for mechanotransduction.
Mammalian hair cells express three isoforms of PCDH15 arising from differential splicing that differ only in the C-terminal cytoplasmic domains (CD1, CD2, and CD3) and share the remaining structures, including the extracellular cadherin (EC) repeats, the transmembrane domain (TMD), and a short stretch of amino acids adjacent to the TMD helix called the "common region" (CR) . PCDH15 isoforms are thought to function redundantly in immature hair cells because isoformspecific knock-out mice lacking PCDH15-CD1, PCDH15-CD2, or PCDH15-CD3 form normal tip links (Webb et al., 2011) . However, mice lacking PCDH15-CD2 are profoundly deaf, whereas hearing is normal in mice lacking PCDH15-CD1 or PCDH15-CD3. The hearing loss in mice lacking PCDH15-CD2 was attributed to the loss of kinociliary links in immature cochlear hair cells, causing abnormally polarized hair bundles (Webb et al., 2011) . A more recent report showed that the CD2 isoform is required for tip links in mature cochlear hair cells by using specific conditional knock-out mice that lack CD2 after normal hair bundle development. In these mice, the loss of CD2 from mature cells caused profound deafness (Pepermans et al., 2014) . Both reports focused on the function of PCDH15 isoforms in cochlear hair cells because vestibular function was unaffected when the isoforms were knocked out individually. Whether the individual isoforms can rescue vestibular function and how the various intracellular regions of PCDH15 contribute to hair bundle integrity and mechanotransduction has not been explored.
In zebrafish, there are two paralogs of pcdh15: pcdh15a is expressed in hair cells and is required for mechanotransduction, whereas pcdh15b is expressed in the eye (Seiler et al., 2005) . Recently, we reported that there are only two isoforms of Pcdh15a in zebrafish, Pcdh15a-CD1 and Pcdh15a-CD3. The Pcdh15a-CD2 isoform is not detectable at either the transcript level nor within the genomic region of pcdh15a (Seiler et al., 2005; Maeda et al., 2014) . As in mammals, the zebrafish CD1 and CD3 isoforms share the extracellular cadherin repeats, the transmembrane domain, and the intracellular common region. To test the function of the zebrafish Pcdh15a isoforms in hair cells, we quantified the ability of wild-type and mutated versions of pcdh15a transgenes to rescue defects in behavior, hair bundle morphology, and activity in pcdh15a-null mutants.
Materials and Methods
Zebrafish husbandry. Zebrafish (Danio rerio) were maintained at 28°C and bred using standard conditions. Animal research complied with guidelines stipulated by the Institutional Animal Care and Use Committee at Oregon Health and Science University. In this study, the following zebrafish mutant alleles were used: pcdh15a th263b (Nicolson et al., 1998; Seiler et al., 2005) , lhfpl5a tm290d (Obholzer et al., 2008) , myo6b tn3137 , cdh23 nl9 (Obholzer et al., 2008) , and myo7aa ty220d (Ernest et al., 2000) . All lines in this study were maintained in a Tübingen or Top long fin wild-type background. For experiments, we used larvae at 4-6 d postfertilization (dpf), which are of indeterminate sex at this stage. Plasmid construction and transgenic lines. The Tol2/Gateway system was used to make expression vectors (Kwan et al., 2007) . pcdh15a-CD1 (GenBank accession number AY772390), pcdh15a-CD3 (KY432405), and engineered variants were subcloned using restriction enzymes and ligation or the in-fusion method into the middle entry vector, with the monomeric EGFP gene fused to the C terminus. In these constructs, the flexible linker "(GGGGS) 4 " was introduced between the pcdh15a variants and EGFP (Chen et al., 2013) . Standard Gateway LR reactions were performed to generate the following constructs: pDest(-6myo6b:pcdh15a-CD1-EGFP-pA), pDest(-6myo6b-pcdh15a-CD3-EGFP-pA), pDest(-6myo6b-pcdh15a-CR-EGFP-pA), pDest(-6myo6b-pcdh15a(⌬cyto)-EGFP-pA), pDest , and pDest(-6myo6b-pcdh15a(CD8 TMD)(⌬cyto)-EGFP-pA). Each construct contained either a GFP or Redstar heart marker for transgenesis. To generate transgenic fish, plasmid DNA and tol2 transposase mRNA were coinjected into eggs collected from th263b heterozygous fish; injections were done at the one-cell stage as described previously (Kwan et al., 2007) . More than 500 eggs were injected for each construct and five or more founders were analyzed. The founders with the brightest signal in the hair bundles were selected for breeding. Founders were bred with th263b heterozygous or wild-type homozygous fish. To obtain th263b heterozygous fish carrying an insertion, heterozygous founders were crossed to nontransgenic heterozygous fish and expression of the GFP fusion protein was ascertained by confocal microscopy; the genotype of the adult fish was confirmed by performing PCR with DNA isolated from fin clips. To generate th263b homozygous adults with inserts, transgenic heterozygous fish were crossed to nontransgenic heterozygous fish; the resulting progeny were raised to adulthood and genotyped. Either heterozygous or homozygous transgenic fish were crossed to nontransgenic heterozygous fish for the auditory escape behavioral response (AEBR) and FM-labeling experiments.
In situ hybridization and semiquantitative PCR. The CD1-or CD3-specific template for in vitro transcription was amplified by PCR using primers containing promoter sequence (T7/T3 promoter). The following pairs of primers were used: T3-CD1 forward, CATTAACCCTCACTAAAGGGAA ATGCTTGGACTACAAAGACG and T7-CD1 reverse, TAATACGACT-CACTATAGGGTTATACATCGTTCTTGTTGT for CD1 specific region (1017 bp); T3-CD3 forward, CATTAACCCTCACTAAAGGGAAATCAG GCGGGGCATGGGCAG and T7-CD3 reverse, TAATACGACTCAC-TATAGGGTCAGAGTTTTGTCATTGGTA for CD3 specific region (807 bp). Digoxigenin (DIG)-labeled sense or antisense RNA probes were synthesized by using DIG labeling mix (Roche) and T7 or T3 RNA polymerase (Promega). In situ hybridization was performed as described previously (Thisse and Thisse, 2008; Erickson et al., 2010) . Specimens were mounted on a depression slide in 1.2% low-melting-point agarose and imaged on a Leica DMLB microscope fitted with a Zeiss AxioCam MRc 5 camera using Zeiss AxioVision acquisition software (version 4.5).
For semiquantitative PCR, cDNA was prepared from RNA isolated from the maculae of adult inner ears. The following primers were used: pcdh15a-CD1 forward, ATCCAGATGGCACTTCCTGC; pcdh15a-CD1 reverse, CCGCCTCCTCGATTACAGAC, predicted product at 163 bp; pcdh15a-CD3 forward, GGAGGCTGATCACTCCGATG; pcdh15a-CD3, reverse, GTGACTGCTGACGTTGGGTA, predicted product at 197 bp. Lower and higher weight amplicons represent different splice variants (Maeda et al., 2014) . The PCRs were run through 25, 30, and 35 cycles. The resulting PCR products from the 35 cycle reaction (all three bands for CD1 and two bands for CD3) were quantified using ImageJ software.
Immunofluorescent staining and microscopy. To immunolabel hair bundles of the inner ear with anti-Pcdh15a monoclonal antibody directed against an N-terminal fragment of Pcdh15a (1-324 aa; Maeda et al., 2014) , larvae (4 or 6 dpf) were fixed with 4% formaldehyde in PBST (0.01% Tween 20 in PBS) overnight at 4°C and rinsed with PBST. Larvae were permeabilized in 0.5% Triton X-100 in PBS for 1 h with 50 rpm shaking at room temperature (RT), then at 4°C overnight without shaking. They were then incubated in blocking solution (PBS/1% BSA/5% goat serum) for 2 h, followed by overnight incubation with primary antibody at 4°C. The Pcdh15a antibody was used at 1:200 in blocking solution. Alexa Fluor 546-conjugated goat anti-mouse IgG (Life Technologies) was used at 1:500 for 4 -5 h at RT. Rhodamine-phalloidin (Life Technologies) was used at 1:50 with the secondary antibody in order to visualize actin filaments in hair bundles.
For imaging of live and fixed samples with confocal microscopy, an upright Zeiss LSM700 laser-scanning confocal microscope with a Plan Apochromat 40ϫ/1.0 differential interference contrast (DIC) or Acroplan 63ϫ/0.95 W lens was used. Live larvae were anesthetized with E3 plus 0.03% 3-amino benzoic acid ethylester (MESAB; Western Chemical) and live or fixed larvae were mounted in low-melting-point agarose (Sigma-Aldrich).
FM4-64 labeling of neuromast hair cells. To investigate the basal activity of neuromast hair cells, zebrafish larvae (4 or 6 dpf) were incubated for 30 s in E3 medium containing 3 mM N phenyl)hexatrienyl)pyridinium dibromide (FM4-64; Life Technologies). After treatment, larvae were washed with E3 3 times and then anesthetized with E3 plus 0.03% MESAB. For each experiment, microscope parameters were adjusted to avoid saturation of the pixels. The levels of FM4-64 labeling were quantified using ImageJ software. First, maximum projections of the neuromasts were made using seven optical sections beginning at the cuticular plate and moving down so as to include the cell bodies and exclude the bundles. The mean pixel value of each maximum projection was then calculated in the channel with an emission peak at 640 nm. The number of hair cells was determined by counting the somas within the hair cell layer in the DIC images. The mean pixel value was divided by the number of cells, yielding a mean pixel value/cell for each neuromast. The mean value/ cell of each wild-type dataset was set to 1.0; each mutant value/cell was then normalized to the corresponding sibling wild-type mean.
Behavioral assays. Quantification of vestibular-induced eye movements was performed in larvae using a method described previously (Mo et al., 2010) . In brief, zebrafish larvae at 5 dpf were mounted in 2% low-melting-point agarose in E3 medium on a coverslip and agarose around the head was removed to free the eyes. This space was filled with E3 medium. Larvae were mounted on the specimen platform of the device in a head-down position perpendicular to the platform. During the rotation of the platform at 0.25 Hz, eye movements were recorded with ScopePhoto and the recorded data were processed in MATLAB (The MathWorks).
Monitoring of the AEBR was quantified by using a method similar to one described previously (Einhorn et al., 2012) . Larvae were presorted based on EGFP fluorescence or genotyped afterward for the presence of the fusion protein using primers directed against EGFP (forward: ACG TAAACGGCCACAAGTTC and reverse: AAGTCGTGCTGCTTCATG TG). Briefly, larvae at 5 dpf were placed in the central 6 wells of a 96-well microplate, in the dark inside a Zebrabox monitoring system (ViewPoint Life Sciences) and stimulated with twelve 100 ms pure-tone stimuli (1 kHz at a sound pressure level of 157 dB to elicit a Ͼ50% response in control larvae) spaced at 15 s intervals for 3 min. If spontaneous movements occurred within 1 s before the stimulus, then that interval was omitted from analysis ( Fig. 4Af, blue asterisks) . If spontaneous movements occurred during more than six stimuli, then those larvae were omitted from subsequent analysis. Each larva was subjected to one trial; 13.3% (16/120) of the wild-type larvae were not responsive, resulting in a non-Gaussian distribution of the data. Larvae were genotyped afterward for the th263b mutation (forward: GGCACACCTTCTACGTACCC and reverse: ACGCTCAAATAACGGTGAGC primers).
Results
Both isoforms of Pcdh15a (CD1 and CD3) localize at the tips of hair bundles Previously, we reported that zebrafish pcdh15a is expressed in hair cells of the inner ear and lateral line organ, and in regions of the larval brain, using an antisense RNA probe that recognized both isoforms without differentiating between the two (Seiler et al., 2005) . To determine the spatial and temporal expression of each isoform individually, we used probes against the CD1-or CD3-specific coding regions (Fig. 1A) . At 4 dpf, both splice variants are expressed in the hair cells of the lateral line organ and inner ear (Fig. 1B-G) , as well as in the brain ( Fig. 1 B, E) . Compared with pcdh15a-CD1 expression, pcdh15a-CD3 appears to be expressed at higher levels in hair cells (Fig. 1C, D , F,G) . To assess whether the CD3 isoform is expressed at higher levels in zebrafish hair cells, we performed semiquantitative PCR using cDNA generated from adult inner ears. Consistent with the in situ data and previous reports on larval pcdh15a transcripts (Sheets et al., 2011; Maeda et al., 2014), we observed that the level of pcdh15a-CD3 mRNA in adult ears was Ͼ2-fold higher than pcdh15a-CD1 transcripts ( Fig. 1H ; normalized to the gapdh control, the relative densities are 0.7 for CD3 and 0.3 for CD1 PCR products; multiple bands representing the different splice variants were included; Maeda et al., 2014) .
Our previous study showed that endogenous Pcdh15a is localized at the tips of zebrafish hair bundles (Maeda et al., 2014) . However, immunolabeling of individual isoforms was not possible because our monoclonal antibody recognizes an N-terminal antigen in Pcdh15a ( Fig. 2A , black bar, B-BЈЈЈ). We therefore determined the localization of Pcdh15a-CD1 and Pcdh15a-CD3 in zebrafish hair cells by generating transgenic zebrafish expressing either Pcdh15a-CD1 or Pcdh15a-CD3 tagged with monomeric EGFP and driven by the hair-cell-specific myosin 6b (myo6b) promoter ( Fig. 2A) . We imaged inner ear hair cells within lateral cristae at 6 dpf. At this stage, the epithelium includes mainly mature cells bordered by a few immature hair cells. Hair cells were identified as immature based on two criteria: (1) their peripheral position within the epithelium and (2) the shorter height of their hair bundles (Kindt et al., 2012) . In more mature hair cells, subcellular localization of GFP-tagged Pcdh15a-CD1 and Pcdh15a-CD3 was detected in a punctate pattern at the tips of hair bundles ( Fig. 2C -DЈЈЈ). Importantly, this organized pattern of exogenously expressed Pcdh15a is nearly identical to that seen with immunolabeling for the endogenous Pcdh15a ( Fig. 2B -BЈЈЈ). A less punctate pattern was observed in immature hair cells at the periphery of the neuroepithelium (Fig. 2D , yellow arrowheads), although the signal appeared to be concentrated near the tip of these shorter hair bundles. The increase in density and broader distribution of PCDH15 in immature hair cells [embryonic day 9 (E9)-E12] was also reported in the chick basilar papilla (Goodyear and Richardson, 2003) . Together, these results suggest that GFP-tagged versions of both Pcdh15a isoforms localize in a similar fashion to endogenous Pcdh15a and are components of tip links in zebrafish hair cells.
Pcdh15a-EGFP localization in mechanotransduction mutants
Studies in fish and mice have identified several genes implicated in mechanotransduction and the integrity of hair bundles. Some of these genes, such as Cdh23, Lhfpl5, and Myo7a, have been shown to affect the localization of PCDH15 in stereocilia (Senften et al., 2006; Xiong et al., 2012) . To determine whether EGFPtagged Pcdh15a protein also exhibits the same requirements for localization, we imaged Pcdh15a-CD3-EGFP in lhfpl5a tm290d , cdh23 nl9 , and myo7aa ty220d mutant hair cells. As a control, we also examined a fourth mechanotransduction mutant that is not known to have a direct effect on the transduction complex, but rather affects bundle integrity, the myosin 6b (myo6b tn3137 ) mutant.
LHFPL5 (previously known as TMHS) is a component of the mechanotransduction complex in mouse cochlear hair cells . Mutations in LHFPL5 cause nonsyndromic deafness in humans and auditory/vestibular defects in mice and fish (Longo-Guess et al., 2005; Shabbir et al., 2006) . Previous data showed that LHFPL5 is required for localization of PCDH15 to hair bundles and vice versa . To first compare whether changes in localization of the tagged version of Pcdh15a were similar to perturbations in endogenous Pcdh15a, we examined immunolabeling of Pcdh15a in lhfpl5a tm290d mutants. As reported in mouse Lhfpl5 Ϫ/Ϫ cochlear hair cells, we observed that immunolabeling of Pcdh15a in hair bundles was greatly reduced in zebrafish lhfpl5a tm290d mutants ( Fig. 3 B, BЈ) compared to wild-type siblings ( Fig. Figure 1 . Expression pattern of the two splice variants pcdh15a-CD1 and pcdh15a-CD3 using in situ hybridization with specific probes for each transcript. A, Schematic drawing of Pcdh15a-CD1 and Pcdh15a-CD3 proteins. The positions of the probes used for in situ hybridization experiments are indicated. B-D, pcdh15a-CD1 expression at 4 dpf. E-G, pcdh15a-CD3 expression at 4 dpf. C, F, Higher-magnification views of two trunk neuromasts. D, G, Higher-magnification view of the anterior macula. Scale bars: B, E, 100 m; C, D, F, G, 25 m. H, Semiquantitative PCR of pcdh15a cDNA from adult inner ear tissue using isoform-specific primers (products from 35 cycles are shown). The relative density of the PCR products for CD3 splice variants (2 bands) is 2.3-fold higher than CD1 splice variants (three bands). Bands are indicated by asterisks.
3 A, AЈ). We next examined the localization pattern of stably expressed Pcdh15a-CD3-GFP in lhfpl5a tm290d mutants and found that Pcdh15a-CD3-EGFP was largely absent in both mature and immature hair bundles, but detectable in hair cell somas (Fig. 3C-CЈЈЈ) . This pattern is similar to that seen with endogenous label in Figure 3 , B and BЈ, and to the pattern observed with anti-PCDH15 antibodies in Lhfpl5 Ϫ/Ϫ mice . One difference is that there were higher levels of tagged Pcdh15a in the cell bodies of relatively mature hair cells in lhfpl5a tm290d mutants. This difference is likely due to exogenous expression of Pcdh15a. Nonetheless, the strong reduction of immunolabeling and Pcdh15a-CD3-EGFP in mutant hair bundles suggests that the Pcdh15a-CD3-EGFP protein behaves similarly to endogenous Pcdh15a. Having confirmed that our transgene expression closely matches that of endogenous protein, we performed the rest of our experiments using Pcdh15a-CD3-EGFP. CDH23 has been shown to be a component of tip links in mice and fish (Söllner et al., 2004; Siemens et al., 2004) ; CDH23 homodimers interact in trans with PCDH15 homodimers to form tip links . Moreover, disrupting tip links with Ca 2ϩ chelators results in the absence or redistribution of PCDH15 in chick and mouse hair cells (Goodyear and Richardson, 2003; Indzhykulian et al., 2013) . In zebrafish cdh23 nl9 mutants, Pcdh15a-CD3-EGFP was present in the cell bodies of inner ear hair cells, whereas accumulation of Pcdh15a-CD3-EGFP in hair bundles was only observed in immature hair cells (Fig. 3D-DЈЈЈ, yellow arrows) . This result indicates that Cdh23 is required for the stable localization of Pcdh15a-CD3-EGFP at the tips of hair bundles.
In addition to LHFPL5 and CDH23, MYO7A has also been shown to interact with PCDH15 (Senften et al., 2006) . Like Myo7a mutant mice, we observed that Pcdh15a-CD3-EGFP was absent from the tips of mature hair bundles in the orthologous zebrafish myo7aa ty220d mutant ( Fig. 3E -EЈЈЈ, white arrowheads and brackets); however, GFP signal was present near the base of the mature hair bundles. As in cdh23 mutants, we detected GFP signal in immature bundles (Fig. 3E -EЈЈЈ, yellow arrowheads and bracket), indicating that Myo7aa is not required for trafficking of Pcdh15a into hair bundles, but rather is necessary for stable localization of Pcdh15a at the tips of stereocilia. Collectively, the results in the cdh23, lhfpl5a, and myo7aa mutant backgrounds suggest that GFP-tagged Pcdh15a is behaving as predicted by previous studies and that the interactions among these proteins are conserved in zebrafish.
Zebrafish Myo6b has been shown to be required for maintaining the structural integrity of the apical surface of zebrafish hair cells, presumably by regulating actin-based interactions with the plasma membrane . In myo6b mutants, hair bundles show multiple phenotypes: they can be splayed, misshapen, or exhibit fusion of the stereocilia, similar to the phenotype seen in Snell's waltzer mice . We found that in myo6b tn3137 mutants, Pcdh15a-CD3-EGFP was still distributed to the tips of stereocilia in a punctate manner, even in splayed bundles (Fig. 3F-FЈЈЈ, arrowheads) . In fused bundles (Fig. 3FЈ, black bracket) , the localization at stereocilial tips resulted in Pcdh15a-CD3-EGFP puncta that were more intense than in wild-type. This result suggests that the activity of Myo6b and the integrity of the hair bundle are not required for localization of Pcdh15a.
Both isoforms of Pcdh15a rescue hearing and balance deficits in pcdh15a mutants Within 4 d of development, the zebrafish inner ear is functional, allowing larvae to maintain an upright position and exhibit a robust startle reflex to acoustic stimuli. Larvae carrying mutations in pcdh15a have pronounced auditory and vestibular defects (Granato et al., 1996; Nicolson et al., 1998) . To explore whether the expression of a single isoform is sufficient for restoring hearing and balance, we performed rescue experiments in pcdh15a th263b mutants. The th263b mutation is a null allele that causes a severe truncation of the Pcdh15a protein within the third extracellular cadherin repeat (R360X), thus affecting both CD1 and CD3 isoforms and leading to a complete loss of microphonic potentials and mechanically evoked calcium transients in hair cells (Nicolson et al., 1998; Seiler et al., 2005; Kindt et al., 2012) . First, we sought to quantify auditory function by comparing the AEBR in wild-type and pcdh15a th263b mutants. We assessed this behavior by exposing the larvae to pure tone stimuli (157 dB, 1000 Hz for 100 ms) delivered at regular 15 s intervals for 3 min and quantifying the resulting acoustically evoked movements ( Fig. 4A ; red indicates large movements above the background movements shown in green). As expected, wild-type larvae showed a robust response to acoustic stimuli (Fig. 4Aa,B) , whereas pcdh15a th263b mutants had almost no response to the tones (Fig. 4Ab,B) . Upon stable transgenic expression of either full-length isoform of Pcdh15a, we observed that startle responses to the tones were restored (Fig. 4Ac,Ad,B) . In each case, the rescue of hearing deficits was comparable: the startle responses among homozygous mutants expressing the transgenes were not statistically different from the responses of their respective transgenic heterozygous siblings (Fig. 4B) . We also noted that, regardless of genotype, transgenic fish expressing either fulllength isoform often exhibited an increase in spontaneous, nonauditory evoked movements. It is not clear why expression of the transgenes would cause hyperactivity and these fish were excluded from our AEBR analysis (Fig. 4Af ) . Nevertheless, these results indicate that either isoform is capable of rescuing auditory deficits in pcdh15a-null mutants.
Next, we quantified the rescue of vestibular function by testing vestibular-induced eye movements. These reflexive movements in zebrafish larvae occur in response to rotation of the head and consequent stimulation of the anterior maculae (Mo et al., 2010) . Wild-type larvae moved their eyes robustly in response to rotation (Fig. 4C) . In contrast, pcdh15a th263b mutants did not have detectable eye movements during rotation (Fig. 4C) . Stable expression of a pcdh15a-CD1 or pcdh15a-CD3 transgene significantly rescued the vestibular deficits in pcdh15a th263b mutants compared with wild-type siblings (Fig. 4C) . These behavioral experiments suggest that, when expressed exogenously, either Pcdh15a isoform is capable of restoring the activity of the auditory/vestibular organs in a pcdh15a-null mutant.
Both isoforms of Pcdh15a rescue splayed hair bundles in pcdh15a mutants
Previously, we reported that pcdh15a is required for the integrity of hair bundles in the inner ear (Seiler et al., 2005) . Similar to live images of inner ear hair cells in lhfpl5a and cdh23 mutant larvae (Fig. 3CЈ,DЈ) , hair bundles in pcdh15a th263b mutant larvae are disorganized and splayed, with individual or clusters of stereocilia separated from the bundle or kinocilia (Fig.  5B, arrowheads, Fig. 5A , wild-type hair bundles). We investigated whether transgenic expression of pcdh15a-CD1-EGFP or pcdh15a-CD3-EGFP could rescue the morphological defects in pcdh15a th263b mutant larvae. In intact larvae, we observed that both GFP-tagged isoforms were localized to the tips of mutant hair bundles and were able to rescue the abnormal splaying of stereocilia (Fig. 5C,D) .
(Figure legend continued.) E-E, myo7aa
ty220d mutant; Pcdh15a-CD3-EGFP was absent in hair bundles of mature cells, similar to cdh23 mutants. F-F, myo6b tn3137 mutant; Pcdh15a-CD3-EGFP localized at the tips of hair bundles in a staircase pattern (arrowheads in F). Black bracket in F indicates a fused bundle phenotype. C, D, E, F, Higher-magnification image of area from C-F, respectively (outlined with yellow box). n Ͼ 5 larvae for each genotype. Scale bars in C-C, D-D, E-E, F-F, 10 m. Scale bars in A-B, C, D, E,  F , 5 m.
Both isoforms of Pcdh15a rescue FM4-64 labeling in pcdh15a mutant hair cells
We next sought to assess mechanotransduction in pcdh15a mutant larvae expressing our transgenes. Vital dyes such as FM1-43 and FM4-64 can rapidly permeate hair cells through functional mechanotransduction channels (Meyers et al., 2003) . Therefore, FM dye labeling is commonly used as a proxy for mechanotransduction in mature hair cells (Meyers et al., 2003; Kindt et al., 2012 th263b mutants by either isoform of Pcdh15a. A, Representative time course of the AEBR to a pure tone with 1 kHz at 157 dB at 5 dpf. The stimulus was repeated every 15 s for 3 min. Numbered arrows indicate the stimuli and a yellow asterisk indicates a positive response. The blue asterisks indicate trials that were omitted from the data. The record shown in Aa is an example of a wild-type control larva that responded to every stimulus, Af is a hyperactive larva, Ab is a homozygous mutant larvae, and Ac through Ae are rescue constructs as labeled. B, Startle responses of wild-type, pcdh15a mutant, and rescued pcdh15a mutant larvae at 5 dpf (number of fish is indicated above each bar). The mean and SD is indicated; p-values were determined by unpaired Mann-Whitney U tests, ****p Ͻ 0.0001. C, Vestibular-induced eye movements in wild-type, pcdh15a mutant, and rescued pcdh15a mutant larvae at 5 dpf (number of fish is indicated above each bar). The normalized peak amplitude of vestibular-induced eye movements at 0.25 Hz is shown. The mean and SD is indicated; p-values were determined by unpaired Mann-Whitney U tests, ****p Ͻ 0.0001. To investigate functional differences between Pcdh15a-CD1 and Pcdh15a-CD3, we injected plasmid DNA encoding pcdh15a-CD1-EGFP or pcdh15a-CD3-EGFP, driven by the hair-cellspecific myo6b promoter, into pcdh15a th263b mutant eggs and raised them to the larval stage. Injection of plasmid DNA led to transient mosaic expression with only a subset of hair cells expressing the EGFP-tagged proteins (Figs. 6, 7, 8) . Using mosaic analysis, we could compare the level of rescue to nonrescued neighboring cells directly. For our experiments, we imaged lateral line hair cells, which are readily accessible to vital dyes in intact larvae, and we used FM4-64, which has nonoverlapping emission spectra with EGFP. It was reported that FM4-64 can label hair cells with a time course similar to FM1-43 (Meyers et al., 2003) . As expected, we observed a significant reduction of FM4-64 labeling in pcdh15a th263b mutant hair cells compared with wildtype hair cells at 4 dpf (Fig. 6A) . The background fluorescence was not subtracted in our images and the remaining signal in the mutants likely reflects autofluorescence or the presence of negligible amounts of FM label within the outer leaflet of the apical plasma membrane. As a control experiment, we used EGFP fused with a CAAX prenylation site. Prenylation of the CAAX site targets EGFP to the plasma membrane, which leads to an enrichment of the signal in hair bundles (Fig. 6B, top) . pcdh15a-mutant hair cells expressing EGFPCAAX did not label with FM4-64 dye (Fig. 6B, bottom) . Upon expression of pcdh15a-CD1-EGFP or pcdh15a-CD3-EGFP, EGFP-positive hair cells were brightly labeled with FM4-64 (Fig. 6C,D) . These results are consistent with those observed with the behavioral analyses.
Mosaic expression is useful for demonstrating effects among cells within the same neuroepithelium; however, transient expression of a gene can be variable due to several factors, including differences in the amount of plasmid injected and the number of transgenes that are integrated within each cell. To avoid issues associated with transient expression, we quantified FM labeling in stable transgenic lines. Although positional effects can lead to differences in expression levels between transgenic lines, the expression level of a particular transgene is more consistent. The pcdh15a th263b mutation is normally lethal when homozygous, with death occurring at 9 dpf. However, we were able to raise homozygous pcdh15a th263b mutants to adulthood upon stable expression of the pcdh15a-CD1-EGFP, pcdh15a-CD3-EGFP, or pcdh15a-CR-EGFP transgenes. In contrast, we were unable to identify homozygous mutant adults carrying the other pcdh15a transgenes with various deletions described in Figure 7A .
We compared transgenic and nontransgenic siblings generated by crossing transgenic homozygous or heterozygous pcdh15a th263b fish to nontransgenic th263b heterozygous fish. These crosses yielded mutant fish with or without the transgene. Consistent with the mosaic expression experiments, FM4-64 dye was present in the soma of mutant hair cells stably expressing either Pcdh15a isoform (Fig. 6E) . Overall, the level of FM labeling in the rescued mutants was lower compared with wild-type siblings for each transgene. To determine whether gene dosage had an effect on the levels of FM4-64 in hair cells, we compared the normalized means of FM4-64 intensity in mutant larvae expressing one versus two copies of the pcdh15a-CD3-GFP transgene and the means were almost identical (single copy mean ϭ 0.85, n ϭ 12; double copy mean ϭ 0.84, n ϭ 18). This result suggests that the transgenic constructs are likely expressed at saturating levels. We also never observed any significant difference in FM4-64 labeling between nontransgenic and transgenic wildtype sibling groups (CD1: nontransgenic mean ϭ 1.15, n ϭ 9; transgenic mean ϭ 1.10, n ϭ 6; CD3: nontransgenic mean ϭ 0.51, n ϭ 19; versus transgenic mean 0.53, n ϭ 12), suggesting that overexpression of the transgenes does not adversely affect the mechanotransduction complex or bundle environment. Although not directly comparable to the CD3 transgene, the tagged version of CD1 appeared to be less effective in rescuing FM labeling of hair cells (Fig. 6F ). Why this is the case and whether CD1 plays a less important role in the lateral line organ requires further investigation. Nevertheless, our experiments suggest that either isoform alone can rescue mechanotransduction in pcdh15a-null mutants, albeit not to the same level as in wild-type siblings.
CD1-or CD3-specific regions are not required for the localization and function of Pcdh15a in hair cells
Because both isoforms have the ability to rescue behavioral responses, hair bundle defects, and mechanotransduction, we hypothesized that the CD1-or CD3-specific regions are not strictly required for the function of Pcdh15a in hair cells. To test this hypothesis, we engineered a truncated form of Pcdh15a that retains the common region of both isoforms, but does not have the CD1-or CD3-specific regions (Pcdh15a-CR-EGFP; Fig. 7A ). As with the EGFP-tagged CD1 and CD3 transgenes, we examined the ability of Pcdh15a-CR-EGFP to localize to the hair bundle and to rescue the behavioral and mechanotransduction defects in pcdh15a th263b mutants. In a stable transgenic line, Pcdh15a-CR-EGFP was sufficient for rescue of auditory and vestibular reflexes in mutant fish (Fig. 4Ae, B, C) . In pcdh15a th263b hair cells, imaging showed that transiently or stably expressed Pcdh15a-CR-EGFP localizes in a punctate pattern at the tips of hair bundles like wild-type Pcdh15a (Fig. 7C,D) and could rescue the splaying of mutant pcdh15a hair bundles (Fig. 7B) . Likewise, Pcdh15a-CR-EGFP was present in the hair bundle of lateral line hair cells (Fig.  8A, top) . Furthermore, FM4-64-labeling experiments showed that Pcdh15a-CR-EGFP significantly restored mechanotransduction in pcdh15a th263b mutant hair cells (Fig. 8 A, E,F ) . Like the full-length Pcdh15a transgenes, the intensity of FM4-64 labeling was not fully rescued by Pcdh15a-CR-EGFP compared with wildtype siblings (Fig. 8F ) .
Both the CR and TMD of PCDH15 have been implicated in protein-protein interactions with members of the mechanotransduction complex in hair cells Maeda et al., 2014; . To further characterize the in vivo relevance of these protein-binding motifs in Pcdh15a, we examined the localization and functionality of truncated and chimeric forms of Pcdh15a. Pcdh15a(⌬cyto)-EGFP lacks the entire cytoplasmic domain including the CR (Fig. 7A) . Similar to full-length Pcdh15a, Pcdh15a(⌬cyto)-EGFP localized at the tips of hair bundles and could rescue splaying at 4 and 6 dpf (Figs. 7E,F, 8B) . We also observed the EGFP signal within kinocilia in a subset of hair cells ( 7E, inset; 13%, n ϭ 38 hair cells). This pattern suggests that the CR is partially required for retention at the site where the hair bundle connects to the kinocilium. Alternatively, this version of Pcdh15a may be incorrectly trafficked to the tip of the kinocilium. Experiments with larvae stably expressing Pcdh15a(⌬cyto)-EGFP showed that this truncated form was not able to restore FM4-64 labeling in pcdh15a th263b mutant hair cells above that of nontransgenic mutant siblings (Fig. 8F) . These results indicate that the cytoplasmic common region is required for Pcdh15a function, but not for targeting Pcdh15a to the hair bundle.
To determine whether the TMD is required for Pcdh15a localization and function, we expressed a chimera, Pcdh15a (CD8TMD)-CR-EGFP, in which the TMD was replaced with the single-pass TMD from the type I protein CD8 (CD8TMD). Although the EGFP intensity was variable among fish, we observed localization of Pcdh15a(CD8TMD)-CR-EGFP in both the cell bodies and hair bundles of pcdh15a th263b mutants (Figs. 7G,H, 8C ). In 21% of transiently expressing hair cells, the hair bundles with Pcdh15a(CD8TMD)-CR-EGFP at the tips of stereocilia were still splayed (for example, see Fig. 7G ; n ϭ 57). In mutant larvae stably expressing Pcdh15a(CD8TMD)-CR-EGFP, splaying was slightly reduced (39% vs 46% for nontransgenic mutants; Fig. 7B ), but FM4-64 labeling was not restored (Fig.  8F) . These results suggest that the TMD is required for Pcdh15a function and is partially required for the trafficking of Pcdh15a into the hair bundles and for hair bundle integrity. Finally, we tested a CD8 chimeric protein that lacks both the entire cytoplasmic domain and the endogenous TMD (Pcdh15a(CD8TMD)(⌬cyto)-EGFP). The Pcdh15a(CD8TMD)(⌬cyto)-EGFP signal was almost exclusively in the soma of pcdh15a th263b mutants (Figs. 7I,J, 8D ). Splaying of hair bundles still occurred at levels comparable to pcdh15a th263b mutants (44%; Fig. 7B ). These data suggest that the proper trafficking of Pcdh15a to the tips of stereocilia requires both the CR and the TMD. Consistent with the inability of Pcdh15a(CD8TMD)(⌬cyto)-EGFP to correctly localize in the hair bundle, stable expression of this construct was unable to restore FM4-64 label above that observed in the nontransgenic mutants (Fig. 8F) . Collectively, this series of experiments demonstrate that, together with the extracellular domain, the TMD and CR of Pcdh15a are necessary and sufficient for the localization of Pcdh15a in the hair bundle and that both domains are critical for the function of Pcdh15a in mediating mechanotransduction.
Discussion
PCDH15 is a tip link protein that is essential for mechanotransduction in hair cells Alagramam et al., 2011) . Along with CDH23, the extracellular cadherin repeats of PCDH15 form part of the filamentous tip link; together as a trans-adhesive complex, these unusually long cadherins span the distance between neighboring stereocilia . In contrast to the extracellular domain of PCDH15, the function of the divergent intracellular domains of PCDH15 is not as clear. In this study, we exogenously expressed EGFP-tagged versions of zebrafish Pcdh15a-CD1 and Pcdh15a-CD3 in pcdh15a-null mutants to assess their localization and functionality. Although imaging of tip links in a cochlear explant has been reported using hopping probe ion conductance microscopy (Novak et al., 2009 ), imaging of a tip link protein in an intact animal is unprecedented; to date, a fluorescently tagged version of mammalian PCDH15 expressed in hair cells has not been reported. Our pcdh15a-EGFP transgenic lines provide an important tool for visualizing a central component of the transduction complex in zebrafish hair cells during development and in disease models associated with loss of hair cell function.
We found that, despite the divergence of the CD1 and CD3 isoforms of Pcdh15a, both isoforms localize to the tips of stereocilia and are capable of restoring function to pcdh15a mutant hair cells; transgenic expression of either Pcdh15a-CD1-EGFP or Pcdh15a-CD3-EGFP alone can rescue the morphological and functional defects in a pcdh15a-null mutant. Furthermore, rescue experiments with C-terminally truncated and chimeric forms of Pcdh15a demonstrate that the TMD and intracellular CR of Pcdh15a both contribute to Pcdh15a localization and function. Our experiments here provide the first in vivo evidence that these domains are key to the function of Pcdh15a in hair cells.
The cytoplasmic tail of PCDH15 has been shown to interact in vitro or in heterologous experiments with a number of proteins implicated in mechanotransduction, including LHFPL5, MYO7A, and a PDZ-containing protein, USH1C (also known as Harmonin) (El-Amraoui and Petit, 2005; Yan and Liu, 2010; Xiong et al., 2012) . In mice, mutations or deletions of Lhfpl5, Myo7a, and Ush1c cause the reduction or mislocalization of PCDH15 in stereocilia (Senften et al., 2006; Yan et al., 2011; Xiong et al., 2012) . In agreement with previous findings, we observed that Pcdh15-CD3-EGFP is absent at the tips of mature hair bundles in lhfpl5a, myo7aa, and cdh23 mutant fish. Like cdh23 mutants, myo7aa mutants displayed robust EGFP signal in immature hair bundles, but not in more mature hair bundles. In contrast, EGFP-tagged Pcdh15a remained in the hair cell body of lhfpl5a mutants at all developmental stages, implying that Lhfpl5a is required for transport to the hair bundle. A similar role was reported for the mammalian ortholog of lhfpl5a , suggesting that the trafficking function of LHFPL5 is a conserved feature in vertebrates.
The motifs of PCDH15 that are essential for targeting or stable localization of PCDH15 to the site of mechanotransduction have not been previously described. Our findings with Pcdh15a-CR-EGFP show that the CD1-and CD3-specific regions are not required for the correct localization of Pcdh15a. Moreover, the CR is also not required for Pcdh15a to localize at the tips of stereocilia. That the CR is not strictly required for localization suggests that formation of a trans-adhesive complex with Cdh23 or interactions with the intact TMD region are sufficient for trafficking of Pcdh15a to the tips of stereocilia. The TMD chimera Pcdh15a(CD8TMD)-CR-EGFP was also present in hair bundles, albeit in a more variable pattern, with more Pcdh15a(CD8TMD)-CR-EGFP protein retained in the cell body. However, if the cytoplasmic domain was deleted from the TMD chimera, then the protein was completely absent in hair bundles in the null mutant background, suggesting that, along with the trans-adhesive complex with Cdh23, the combined region of the TMD and CR is critical for the trafficking and proper localization of Pcdh15a. It is likely that these domains contribute to the trafficking of Pcdh15a via direct interactions with Lhfpl5a and perhaps via interactions with Myo7aa, as was demonstrated for the mouse orthologous proteins LHFPL5 and MYO7A in cell line experiments (Senften et al., 2006; Xiong et al., 2012) .
In regard to extracellular motifs, the N-terminal cadherin repeats of PCDH15 mediate the heterophilic interaction with the N terminus of CDH23 (Elledge et al., 2010; Sotomayor et al., 2012; Geng et al., 2013) . In hair cell explants undergoing regeneration of tip links, PCDH15 homomeric interactions occur transiently, followed by a subsequent switch to the PCDH15-CDH23 heteromeric complex (Indzhykulian et al., 2013) . In Cdh23 mutant mice, immunolabeling of the CD1 isoform of PCDH15 was reported to be unaffected in cochlear hair cells at postnatal day 5 (Senften et al., 2006) . Our results indicate that the zebrafish CD3 isoform is initially present in immature cdh23 mutant hair bundles, possibly as homomeric complexes. However, within more mature hair bundles, Pcdh15a-CD3-EGFP was absent in cdh23 mutants. The absence of tagged-Pcdh15a-CD3 in mature cells suggests that this trans-adhesive complex is required for retaining Pcdh15a-CD3 in the hair bundle.
Of the various constructs, the loss of the entire cytoplasmic domain of Pcdh15a was the only mutated form that we observed in the tips of kinocilia. Previous studies have shown an asymmetry of the kinocilial link, with PCDH15 located in the kinocilium (Goodyear et al., 2010; Lelli et al., 2010) . The CR may be partially required for retention of Pcdh15a at this site within kinocilia; nevertheless, kinocilial links appeared to be intact in pcdh15a mutants expressing the Pcdh15a(⌬cyto)-EGFP construct. In addition, the Pcdh15a(⌬cyto)-EGFP construct was the only construct that fully rescued the splayed bundle phenotype, but 4 (Figure legend continued. ) included as in Figure 6 . E, Representative image of rescued mutant hair cells in a Pcdh15a-CR-EGFP stable transgenic line. Bottom section is a maximum projection of seven sections (the same as those used in F for quantification). F, Quantification of the intensity of FM4-64 labeling of EGFP-positive hair cells in stable transgenic lines. The values of the nontransgenic and transgenic homozygous mutants are normalized to the mean value of their corresponding wild-type siblings. For each transgenic construct, n Ն 9 neuromasts from a minimum of three larvae. Nontransgenic mutants (n ϭ 6) and their wild-type siblings (n ϭ 12) are from the pcdh15a(⌬cyto)-EGFP line. The mean and SD are indicated; p-values were determined by unpaired Student's t tests (two-tailed, Welch-corrected), **p Ͻ 0.01; ***p Ͻ 0.001; ****p Ͻ 0.0001. Scale bars in A-E, 10 m. not function. This result suggests that the CR is key to functional coupling of the tip link to the transduction machinery.
Interestingly, we found that Pcdh15a could localize to the tips of splayed or disorganized hair bundles. Although variable with regard to localization, Pcdh15a(CD8TMD)-CR-EGFP was detected at the tips of stereocilia in pcdh15a mutant hair cells even if the stereocilia were split away from the bundle. Localization of Pcdh15a-CD3-EGFP also persisted in disorganized hair bundles in myo6b mutant fish. Collectively, our results and previous studies suggest that multiple components are required for localization of Pcdh15a to the tips of stereocilia in hair cells, including the facilitation of transport to the hair bundle by Lhfpl5a and subsequent formation of a trans-complex with Cdh23.
Our study also underscores the importance of the CR and TMD for PCDH15 function. Previous yeast two-hybrid and heterologous expression experiments have shown that the interaction of PCDH15 with other components of the transduction complex such as TMC1, TMC2, and LHFPL5 is mediated through the CR and TMD (Maeda et al., 2014; Xiong et al., 2012) . Indeed, in vivo experiments in zebrafish revealed that disruption of the CR-mediated Pcdh15a/Tmc interaction via overexpression of the N terminus of Tmc2a leads to mislocalization of Pcdh15a and decreased hair cell activity (Maeda et al., 2014) . However, direct evidence that the CR and TMD are required for the function of PCDH15 has been lacking. We found that, in the absence of the CR, the basal activity of mechanotransduction channels is compromised, as evidenced by the inability of FM4-64 to enter hair cells. Aside from the requirement of the CR, the present study also suggests that the particular amino acid sequence of the Pcdh15a TMD is important for function. The multiple interactions mediated by the CR and TMD with members of the transduction complex suggest that PCDH15 serves as a hub or central component of the complex.
In mice, PCDH15-CD1, PCDH15-CD2, and PCDH15-CD3 are not uniquely required for tip link formation during development (Webb et al., 2011) . In contrast, PCDH15-CD2 is an essential component of the tip link in mature cochlear hair cells (Pepermans et al., 2014) . Although zebrafish do not have a Pcdh15a-CD2 isoform (Maeda et al., 2014) , mammalian PCDH15-CD2 has taken on an indispensable, specialized role in mechanotransduction in mature cochlear hair cells. The C-terminal tail of the CD2 isoform was shown recently to interact with TMIE, a membrane protein required for auditory/vestibular function . However, in mammalian vestibular hair cells, this interaction is not essential. Like mammalian vestibular hair cells, zebrafish hair cells do not require a CD2-Tmie interaction to form a functional mechanotransduction complex and our rescue experiments show that Pcdh15a-CR is sufficient for the formation and function of the mechanotransduction complex. However, our study does not rule out subtle effects caused by the deletion of the specific regions of CD1 and CD3. Future experiments examining the effects on transduction currents may reveal distinct functional differences between the isoform-specific regions. Although the Pcdh15a-CD1, Pcdh15a-CD3, and Pcdh15a-CR proteins were all able to fully restore vestibular and auditory behaviors, none of the transgenes tested here were able to restore FM4-64 labeling to wild-type levels. Nevertheless, our study is an important step toward understanding the role of the TMD and CR of Pcdh15a in vestibuloauditory and lateral line hair cells and reveals the molecular features of Pcdh15a that are likely to be conserved in vertebrates.
